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I. Introduction 
 

II. Detailed physical model for warm dense 
matter 
 

III. New trends for warm dense matter research 
works and their applications 

 
 



What subjects can we cover with this lecture? 
 
 
 
What is warm dense matter? 

History 

Extrapolation from known physic idea and its failing 

What should we do for understanding wdm? 

 Idea from condensed matter physics 

 Idea from plasma physics 

Understanding of modeling of wdm 

Recent progress in wdm research 

 



What is WDM? 
(brief definition) 





Hot temperature 
condensed matter 

Dense plasma 

High temperature  
chemistry 

Cold superdense matter 



Hot temperature 
condensed matter 

Dense plasma 

High temperature  
chemistry 

Cold superdense matter 

Mixing fundamental physics 



Condensed matter  
Plasma 

Physical 
parameter 

Some parameters in WDM are very different in Solids and Plasmas 



Understanding of Warm dense matter is now needed in many plane 

Divertor in Fusion device Reentry ship from Space 

Laser machining 
EUV lithography 

Planet science 



Laser induced polarization 

Laser ionization 
Isolated atoms 

Dielectric materials 

Metals 

Free electrons 

Ordinary plasmas 

Free electrons 



Ionization, Electron excitation but keeping lattice order  

Warm dense matter 

Key points: Deviation from free electron model  
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Material change after illumination of pulse lasers 
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History 





Accurate and reliable DC conductivity data! 

John Benage, 2008 WDM schoo



td=10 s 
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DOS Metal vs. VUV, X-laser 

h



More accurate model we need 
 (SNL Flyer experiments) 

M. D 2008 WDM school 
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From USP laser measurement 
Dense vapor of heated Au looks dielectric 



Fails 
in the theoretical prediction from ordinary physics  



Introduction of Plasma Physics 
  F. F. Chen 
 
1.6 CRITERIA FOR PLASMAS 
   The three conditions a plasma must satisfy are therefore:  
 1. D << L. 
 2. ND >>>1. 
 3.  > 1.    
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Energy band structure change 
Ordinary and disordinary 
electron localization 
Fermi surface change 
Atomic vibration and sound wave in (pseudo)lattice 
Debye model Temperature and density dependence 
Gruneien law, Cv 
Lindemann law, m.p. b.p. 
Latent heat of melting and boiling 
Metal-nonmetal transition 
Critical point 

Reaction rate for dissociation and combination 
Equation of States  
Liquid-vapor interface 

 
Electron affinity 
Clusters 
Density functional theory 

Condensed matter side 

Plasma physics side 

Chemical reaction side 

What should we consider in WDM condition? 

Many body interaction 
Fermi degeneracy  
Equation of States  
Surface tension, viscosity 
two-phase fluids 
Electron affinity and negative-positive plasma 
Quantum effect in plasmas 
Collision model 
Nonequilibrium  
Screening  
Coulomb Logarithm  
Strongly coupled plasma 



Energy band structure: change due to the excitation electrons 
Lattice: Ordinary => disordinary 
Electron: localization and delocalization 
Fermi surface: change and statistics also change (F-D => M-B, finally) 
Atomic vibration and sound wave: => plasmon? Ion wave? 
Debye model: => fail of the shielding model 
Gruneien law, Cv: => T dependence is change 
Lindemann law, m.p. b.p.: => pressure effect, density effect 
Latent heat of melting and boiling: =>change of number of freedom, heat 

bath is changed  
Metal-nonmetal transition: => Impurity?  disordering? 
Critical point: we need accurate data. 
Density functional theory: excitation states should be included. 

 

Condensed matter side 

What should we consider in WDM condition? 



dissociation and combination: n & T dependence of the rate 
 (molecular dissociation  at T~104K)   
Equation of States: phase transition? Two fluid(gas & liquid)  
Liquid-vapor interface: more energetic particle 

model: We may need to include excitation energy.   
Electron affinity: T and n dependence? 
Clusters: highly charged? 

Chemical reaction side 

What should we consider in WDM condition? 



Plasma physics side 

What should we consider in WDM condition? 

Many body interaction 
Strongly coupled 
Fermi degeneracy  
Equation of States  
Surface tension, viscosity 
two-phase fluids 
Electron affinity with ionization and excitation 
Quantum effect  
Collision model and screening effect 
Non-equilibrium  
Coulomb Logarithm  

 



Why do the main theories of matter fail at WDM conditions? 

Condensed matter 

Solid => liquid =>ionizing 
Atoms in solid are no longer neutral   
 and no longer have ground state conditions. 

Dense chemistry 

T increase 

N increase 

Pressure effect on molecules 
Reaction rate at high density and high temperature 
 

N + N =>N2  k=1015cm6mol-2s-1 

  

If [N]~1022cm-3, treaction~3.6ps !?< ii 

Low temperature plasma 

D > L,  ND <1,   < 1 
Neutral atoms and molecules dominate ions 

N increase, T decrease 



What, how, why, where 

For example, 
Extrapolation for present physical theory 
and checking.  
New possibility for applications 
Creation general model and/or parameter 
data base 
Construction of physical model with 
similarity to extreme condition 
Reconsider the present modeling 



Coulomb Logarithm 
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Fail in Debye screening model 
bmax, min. 

When smaller T and larger n, 
 then bmax is sometimes comparable with bmin. 
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When does it fail? 



 

 

Poisson equation 

Boltzmann law 

 << 1 

   ) 

From theory of one component plasma (shielding) 

Debye shielding 

 

 

Te = 1eV, ne=nc( =1 m, 1.6 x 1021cm-3) 

r [m] 

r [m] 
Debye-Huckel model 

M.S.Murillo, POP, Vol.11-5, p.2964 (2004) 



 

Distribution function 

negative g(r) ? 

r [m] 

Radius of ion sphere 

 

ne [cm-3] 

r [m] 
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Question: why? 
Treatment of transport of electrons is different .  
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Sound velocity 
 
Cold solids:   Al  cs=6.4x105cm/s Au  3.2x105cm/s 
Ideal gas (kT=1eV) Al  cs=2.4x105cm/s Au  0.9x105cm/s 

p
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Knowledge from known physics 

1eV RT 10eV 

 ? 
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Temperature dependence of most metals are negligible small.  

Daniel Errandonea, 
PHYSICAL REVIEW B, VOLUME 63, 132104 

Sound velocity in metal = elastic modulus/density 
(Normally, elastic modulus has small dependence with temperature. ) 



Sound wave in metals Lattice  Sound wave in plasmas 
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material 

Solid density  1.03 g/cc 0.97 g/cc 2.68 g/cc 

Ionization 
potential(atom) 

14.5eV 5.14eV 5.99eV 

IP for molecule 15.6eV 5.14eV ?? 

Cohesive energy 
of solid 

4.9eV/atom 1.11eV/atom 3.39eV/atom 

Interatomic 
distance 

1.76  2.08  1.6  

Melting 
temperature 

Boiling 
temperature 

N2    Na            Al 
 
 
 
 
 
 
 
 
 
 
 
 
 
63.16K     371K         933K 
 
77.36K     1156K        2792K  

What parameters decided material condition? 

Question: why? 
It is not enough to explain the material condition  
with solid density, ionization energy, cohesive energy, interatomic distance. 



The Debye model for Cv agrees well  
with experimental data  
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The effect of thermal expansion or compression 
=>Gruneisen parameter 
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What is general feature of condensed matter? 



Dependence of Gruneisen parameter and effect on the EOS 

-> Higher density 

Cold parameter 

Shock compression results 



R. Boehler, PRB 27, p.6754 

q
VV 00 / 

    Cu      Fe 
q=1.08~1.33 q=0.6~0.783 

C. V. Pandya, Bull. Mater. Sci, 25, p.63 (2002) 

d electron effect  

R. Boehler, JAP 48, p.4183 

More details of Gruneisen parameter 
   in condensed matter 

But, finally details of electron orbits are needed. 

general feature 

V/V0 
V/V0 

V/V0 

m.p. 



Sterne, WDM workshop in Pleasanton (2007) 

E = Ei + Es + Esd + Ed + Eol  
Electrostatic interaction of ions core 
 energy of  s-electrons interact with core and s-s 
  energy of d-electrons interact with core and d-d 
   hybrid term between s-d 
    energy due to the overlap of d states  
              at different atomic sites 

i.e. for transition metals 

How to consider EOS model in WDM? 



Exp 

model 

Rather simple but physically motivated model 

V.N. Antonov, Z Phys, B 79, 223 Lattice constant 

Correction 
factor for 
pseudopotential 

E=Ei + Es
(0) +Es

(1) + Es
(2) + sr 

This type of model is useful with real experimental data 



How about specific heat ? 
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Almost all the element has the same 3eV/eV-atoms. 
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spin effect? 

? 

More details in specific heat feature in condensed matter 

Plasma 



Specific heat in condensed matter and plasma 

3Nk 

Cv 

T/1 0 

C 2230K 
Be 1440K 
Si 645, Cr 630K 
Fe 470, Al 428, Ni 343, Ti 420, W 400K 
Pt 240, Au 165K 

Ordinary plasmas 
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Melting 
Lindemann Law 
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Daniel Errandonea, 
PHYSICAL REVIEW B, VOLUME 63, 132104 
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Large ! 

Tmelt and Tboiling = 0.1~0.6eV Cv=3eV/eV-atoms 



*J.Boneberg, et al., Opt. Comm. 174 p/14-149 (2000) 
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Can we detect m.p. and b.p.? 

During USP laser heating ns laser heating results 

T is Monotonically increase in time. 
 (during pulse laser duration) 


